Increased hunger and food intake during attempts to maintain weight loss are a critical problem in clinical management of obesity. To determine whether reduced body weight maintenance is accompanied by leptinsensitive changes in neural activity in brain regions affecting regulatory and hedonic aspects of energy homeostasis, we examined brain region-specific neural activity elicited by food-related visual cues using functional MRI in 6 inpatient obese subjects. Subjects were assessed at their usual weight and, following stabilization at a 10% reduced body weight, while receiving either twice daily subcutaneous injections of leptin or placebo. Following weight loss, there were predictable changes in neural activity, many of which were reversed by leptin, in brain areas known to be involved in the regulatory, emotional, and cognitive control of food intake. Specifically, following weight loss there were leptin-reversible increases in neural activity in response to visual food cues in the brainstem, culmen, parahippocampal gyrus, inferior and middle frontal gyri, middle temporal gyrus, and lingual gyrus. There were also leptin-reversible decreases in activity in response to food cues in the hypothalamus, cingulate gyrus, and middle frontal gyrus. These data are consistent with a model of the weightreduced state as one of relative leptin deficiency. Nonstandard abbreviations used: BOLD, blood oxygen level-dependent; fMRI, functional MRI; Wtinitial, initial body weight; Wt-10%leptin, weight approximately 10% below Wtinitial with twice daily injections of recombinant methionyl human leptin; Wt-10%placebo, weight approximately 10% below Wtinitial with twice daily injections of placebo.
Introduction
Over 60% of U.S. adults are overweight (BMI >25 kg/m 2 ) or obese (BMI > 30 kg/m 2 ) and at risk for adiposity-related morbidities such as diabetes mellitus and hyperlipidemia (1) . The intractable nature of obesity is reflected in the 75%-95% recidivism rate to obesity among the formerly obese (2) . Maintenance of a reduced body weight, with resultant declines in circulating concentrations of leptin, is accompanied by decreased energy expenditure and increased hunger/food intake that act coordinately to favor the regain of lost weight in humans and rodents (3) (4) (5) (6) (7) (8) . The behavioral and metabolic changes characterizing individuals maintaining a 10% reduced body weight are largely reversed by the administration of "replacement" doses of leptin (6) that restore circulating leptin concentrations to pre-weight loss levels. The weight-reduced state may, therefore, be regarded as a condition of relative leptin insufficiency (6, 7) .
Brain regions known to be involved in the regulation of energy intake have been identified largely through physical and, more recently, molecular lesioning of relevant CNS pathways (9) . For example, the hypothalamus has afferent and efferent connections to the brainstem, midbrain, amygdala, hippocampus, and cortex, which, if selectively lesioned or stimulated, result in predictable alterations in feeding behavior (10) .
In this study, blood oxygen level-dependent (BOLD) signals elicited by viewing food items during functional MRI (fMRI) were acquired to assess the effects of maintenance of a reduced body weight and replacement of exogenous leptin on neural activity relevant to energy intake in weight-reduced individuals. Neural responsiveness to visual food versus non-food cues was compared in 6 obese subjects while maintaining their initial body weight (Wt initial ) and after being stabilized at a weight approximately 10% below Wt initial and then receiving twice daily injections of either placebo (Wt -10%placebo ) or recombinant methionyl human leptin in doses calculated to restore 8 am circulating leptin concentrations to those present at Wt initial (Wt -10%leptin ) (6) . This was a singleblind crossover study design in which subjects served as their own controls. Subjects were inpatients being fed a liquid formula diet throughout the study (see Methods, Figure 1 , and Table 1 ). We hypothesized that maintenance of a reduced body weight leads to leptin-mediated changes in areas of the brain known to mediate regulatory, emotional, and cognitive aspects of feeding behavior. We found that maintenance of a reduced body weight was associated with predictable changes in neural activity in these regions, many of which were reversed by leptin.
Results
All analyses compared BOLD signals as indications of neural activity elicited during passive exposure to food versus non-food cues. Data were analyzed in subjects prior to weight loss (Wt initial ) and following weight loss (Wt -10%placebo or Wt -10%leptin ). In this design, subjects receiving leptin remained at reduced weight, thus permitting analyses of whether leptin administration to weight-reduced subjects reverses the effects of weight loss per se on neural activity relevant to energy intake. As detailed in Methods, identification of brain areas responsive to food versus non-food cues was made after correction for multiple comparisons with P < 0.005. Comparisons between group pairs (Wt initial vs. Wt -10%placebo to identify weight loss effects and Wt -10%placebo vs. Wt -10%leptin to identify leptin effects) were made with significance prospectively defined as P < 0.05. Since statistical thresholds (based on signal to nose) may not be the best predictors of physiological significance, we have chosen the more complete report without further correction for multiple comparisons. The terms greater response and greater activity refer to a statistical comparison of BOLD signal amplitudes in specific brain areas that are greater in one condition relative to another at P < 0.05. The precise P values of significant betweengroup comparisons are reflected in the z scores for such comparisons that are given in Tables 2 and 3 .
Neural activity was greater at Wt -10%placebo than at Wt initial . Brain areas in which neural activity was greater at Wt -10%placebo than at Wt initial represented a "long-range pattern" (i.e., a group of coactive but noncontiguous regions of the brain that are engaged during a specific task, indicative of a global pattern of brain activity that includes multiple regions) of food-related neural responses that were increased during maintenance of a reduced body weight. These areas included the limbic system (brainstem, parahippocampal gyrus, culmen, and globus pallidus) as well as systems mediating aspects of executive and decision-making functions (middle temporal gyrus, inferior frontal gyrus, middle frontal gyrus, and lingual gyrus) ( Figure 2A and Table 2 ).
Neural activity was greater at Wt initial than at Wt -10%placebo . Brain areas in which neural activity was greater at Wt initial than at Wt -10%placebo represented a long-range pattern of food-related neural responses that were more responsive during the maintenance of the initial weight (prior to weight loss) than during the maintenance of a reduced body weight (after weight loss). These areas included regions associated with metabolic, autonomic, and neuroendocrine aspects of energy homeostasis (hypothalamus), emotional control of food intake (amygdala, parahippocampal gyrus, and cingulate gyrus), integrative cognitive control functions (hippocampus, middle frontal gyrus, inferior parietal lobule, fusiform gyrus, and supramarginal gyrus), and motor planning (precentral gyrus) ( Figure 2B and Table 2 ).
Neural activity was greater at Wt -10%leptin than at Wt -10%placebo . Brain areas in which neural activity was greater at Wt -10%leptin than at Wt -10%placebo represented a pattern of food-related neural processes that were more responsive during restoration of circulating leptin concentrations in subjects maintaining a reduced body weight. These areas included those associated with metabolic, autonomic, and neuroendocrine aspects of energy homeostasis (hypothalamus), error correction and performance monitoring (cingulate gyrus), decision making based on emotional and integrative control of food intake (inferior and middle frontal gyri, lingual gyrus, medial frontal gyrus, middle temporal gyrus, and precuneus), as well as limbic (culmen, putamen, and thalamus) and sensory (postcentral gyrus) regions ( Figure 2C and Table 3 ). As hypothesized, the pattern of neural activity following leptin replacement during weight reduction was similar to the pattern observed when subjects were at Wt initial (see Figure 2B and Table 2 ). These common regions included hypothalamus, cingulate gyrus, and middle frontal gyrus.
Neural activity was greater at Wt -10%placebo than at Wt -10%leptin . Brain regions in which neural activity was more responsive during Wt -10%placebo compared with Wt -10%leptin represented a pattern of food-related neural processes that were more responsive during the maintenance of a reduced body weight (with the associated decline in circulating and CNS leptin concentrations) than at the same reduced weight but in a euleptinemic state. These areas included the limbic system (brainstem, parahippocampal gyrus, and culmen) as well as systems regulating executive and decision-making functions (middle temporal gyrus, inferior frontal gyrus, and middle frontal gyrus). Additionally, greater activity was observed in brain areas involved in enteric regulation (insula), cognitive control functions including error monitoring (cingulate gyrus), as well as knowledge representation (superior temporal gyrus and superior frontal gyrus) and high-level visual perception (middle occipital gyrus, lingual gyrus, and precuneus) functions ( Figure 2D and Table 3 ). As hypothesized, some of these areas were similar to those that were more responsive during maintenance of a reduced body weight compared with Wt initial (Figure 2A and Table 2 ). These common areas included brainstem, culmen, parahippocampal gyrus, inferior and middle frontal gyri, middle temporal gyrus, and lingual gyrus.
Discussion
All results represent BOLD responses to the food items that exceeded those to the non-food items and can be considered food-related signals (11) . Four pair-wise comparisons were made. Two isolated the effects of the maintenance of a reduced body weight on neural activity (Wt initial > Wt -10%placebo and Wt -10%placebo > Wt initial ), and 2 isolated the effects of leptin repletion in a weight-reduced state (Wt -10%leptin > Wt -10%placebo and Wt -10%placebo > Wt -10%leptin ). Each of these comparisons elicited a distinct pattern of neural activity representing a complex of neural responses during the viewing of food-related items. The distinct patterns of neural activity elicited in response to the same food cues under various physiological states related to changes in body energy stores and leptin provide information regarding models of CNS mechanisms associated with the regulation of body weight (Table 4) .
A major finding of this study is that weight loss-and leptin-mediated effects on neural activity in response to food-related cues are observed in areas of the brain involved in both the regulation of feeding behavior and high-level executive processes. The similarities between subjects in euleptinemic states during the maintenance of usual weight and during leptin repletion following weight loss (Table 4 ) suggest a pivotal role for leptin in central mediation of the hunger associated with maintenance of reduced weight. Known physiological consequences of weight loss and leptin replacement are mirrored by congruent changes in fMRI activity in brain areas previously implicated in the context of such physiological phenotypes. Specifically, hypothalamic activity and activity in areas of the brain involved in emotional (cingulate gyrus; Brodmann area [BA] 24, 32) and cognitive (middle frontal gyrus) control are commonly engaged in states of leptin sufficiency and leptin repletion (9, (11) (12) (13) . The pivotal role for leptin in the CNS-mediated responses to the maintenance of reduced weight is also demonstrated by the neural activity observed during the state of relative hypoleptinemia following weight loss relative to subjects at usual weight and leptin levels ( Table 4 ). The regions include insula, cingulate gyrus, medial frontal gyrus, precuneus, middle occipital gyrus, superior frontal gyrus, and superior temporal gyrus ( Table 2 ), suggesting that functions such as enteric regulation, emotional control, decision, and executive functions as well as highlevel perceptual systems are influenced by the relative reduction of leptin in the weight-reduced state.
Individuals maintaining a reduced body weight and humans or rodents that are congenitally leptin deficient or leptin unresponsive demonstrate similar behavioral (food seeking) and metabolic (reduced energy expenditure) phenotypes (14) . Increased neural activity in the caudate nucleus, insula, and the frontal, parahippocampal, fusiform, and temporal gyri have been reported in PET scans of humans following food deprivation (15, 16) . Our identification of leptin-specific effects of weight loss on metabolic activity of brain regions mediating food intake is consistent with earlier studies of the effects of weight loss and/or leptin administration on feeding behavior (12, (17) (18) (19) (20) and energy expenditure (6) in animals and humans.
We hypothesized that the weight-stable, weight-reduced state is interpreted by neuronal systems regulating energy intake as a state of relative leptin deficiency (6). Farooqi et al. (17) reported that leptin administration to subjects with congenital leptin deficiency reduced fMRI responses to visual food stimuli in the anterolateral ventral striatum (including the nucleus accumbens and caudate) and posterolateral ventral striatum (including the putamen and globus pallidus) in 2 subjects with congenital leptin deficiency studied before and after 7 days of treatment with exogenous recombinant methionyl human leptin. Similarly, we detected leptin-reversible increases in activity following weight loss in the globus pallidus. We found that neuronal activity in the putamen in response to food cues was greater following administration of leptin compared with placebo, and we did not detect any weight loss- or leptin-mediated effects on the anterolateral ventral striatum or the putamen. The differences between these 2 studies of leptin administration may reflect a number of distinct differences in study design, stimuli used, and in the study populations (17) . More specifically, Farooqi et al. reported data that were similar between the 2 subjects studied and that were correlated to behavioral studies using a region of interest analysis, whereas with the exception of the hypothalamus, for which we also utilized a region of interest approach, we used a more conservative whole-brain analysis in a larger subject population and report only statistically significant changes that were evident with the a priori selection of specific regions of interest. The congenitally leptin-deficient subjects were studied in the fed and fasted states and remained on ad libitum mixed diet whose caloric content was greater in the leptin-deficient than the leptin-replete study periods. Subjects in our study were imaged only in the post-absorptive state while remaining on a fixed liquid formula diet that was isocaloric between Wt -10%placebo and Wt -10%leptin . Stimulus design was different between the studies as well. The observations by Farooqi et al. were obtained from subjects following 7 days of leptin administration and did not contain a placebo administration arm. Our studies were performed in subjects after at least 3 weeks of leptin therapy and included a placebo injection control period. Farooqi et al. used a picture block stimulus of 5 foods or non-foods per block and studied regions of interest, while we used a block design consisting of the actual presentation of 12 foods or non-foods per block. The study of leptin-deficient subjects does not specify the normalized atlas coordinates of the structures identified as being leptin responsive. The caudate, putamen, and ventral striatum are nexi for multiple functions, and as discussed above, it is quite possible that different functional regions of the ventral striatum and putamen were detected by virtue of the different study designs used in this investigation and that of Farooqi et al. (17) . Finally, it is possible, if not likely, that there are irreversible effects of the leptin-deficient prenatal and perinatal environments of congenitally leptin-deficient subjects on the structural development of neuronal feeding circuits in humans, as has been show in Lep ob mice and Zucker rats (21) .
While the differences between the designs of these studies do not permit a direct comparison of results, it is clear that reduced ambient leptin, whether due to congenital leptin deficiency or reduced body fat resulting from weight loss, increases neural activity in an extensive complex of brain areas in response to food cues. The leptin responsiveness in both leptin-deficient subjects who were not weight reduced and in subjects who were relatively hypoleptinemic by virtue to weight reduction indicates that the altered neural activity in response to food cues detected in the present study and in studies of fasted humans (15, 16) are due to reduced ambient leptin rather than to weight loss per se.
At both Wt -10%placebo and Wt -10%leptin (compared with Wt initial ), we detected increased neural activity in response to food cues in the brainstem and anterior cingulate gyrus and relatively less activity in response to food cues in the amygdala. These changes in neural activity - which were not significantly altered by administration of exogenous leptin - may reflect the effects of other peripheral signals such as insulin and/or ghrelin levels, both of which change during maintenance of a reduced weight (9) . Alternatively, these changes that are not reversed by leptin may reflect subject accom- modation to repeated testing or subject reaction to the stress induced by receiving injections (placebo or leptin) at a reduced weight but not at Wt initial . None of the brain activity patterns observed in this study were strongly lateralized to either hemisphere, although studies of taste have suggested left hemisphere bias (15) . Many of the structures in which neural activation was detected by fMRI were medial and comprised of multiple tracts and nuclei, which may serve opposing functions. The hypothalamus is a good example of a multifunctional brain area. Ablative lesions of the lateral hypothalamus produce profound aphagia (22, 23) ; neural activity in this area would be predicted to increase following weight loss. In contrast, lesions of the region of the ventromedial hypothalamus produce the opposite phenotype, and activity in the ventromedial hypothalamus would be predicted to decrease following weight loss (22) . We believe the present study to be unique in its ability to specifically identify neural activity changes in the hypothalamus using fMRI, although the anatomic resolution (1.5 × 1.5 × 4.5 mm) is not sufficient to identify region-specific effects within the hypothalamus in a group study. The leptin-reversible changes in hypothalamic neural activity that occur following weight loss presumably reflect the net balance of neural activity in multiple neurons regulating energy intake.
As discussed above, changes in neural activity induced by weight loss and/or influenced by leptin repletion, in regions other than the hypothalamus, can be loosely grouped by function. There appear to be increases in activity during reduced-weight maintenance in systems relating to the emotional, executive, and sensory responses to food while there are decreases in systems involving emotional and cognitive control of food intake as well as integration of motor planning. Changes in neural activity in these areas following weight loss, mostly at the same loci and in all of the same systems, are reversed by leptin repletion. In addition, leptin repletion appears to increase activity in brain areas related to sensory discrimination and to diminish activity in areas sensing enteric signals and knowledge representation. Using this function-based analysis, changes in neural activity following weight loss would predict a phenotype of greater responsiveness to food (emotional and sensory responses to the presentation of food) with decreased control of food intake and discrimination based on quality or quantity of food consumed.
Figure 2
Effects of weight loss and leptin on neural activity following passive exposure to visual food cues. A and B show effects of weight loss. C and D show effects of leptin. Amyg, amygdala; BS, brainstem; Cul, culmen; GC, cingulate gyrus; GF, fusiform gyrus; GFm, middle frontal gyrus; GFs, superior frontal gyrus; GHp, parahippocampal gyrus; GOm, middle occipital gyrus; GP, globus pallidus; GPoC, postcentral gyrus; GPrC, precentral gyrus; GS, supramarginal gyrus; GTm, middle temporal gyrus; GTs, superior temporal gyrus; PCu, precuneus; Pu, putamen; Th, thalamus.
The consequences of such leptin-reversible changes in the neural regulation of food intake in weight-reduced subjects are even more striking when viewed in the context of the effects of weight loss and leptin on energy output. We have previously shown that the maintenance of a 10% or greater reduced body weight is associated with leptin-reversible decreases in energy expenditure, sympathetic nervous system tone, and activity of the hypothalamic-pituitary-thyroid axis and leptin-reversible increases in the work efficiency of skeletal muscle (6, 14) . The combination of decreased energy expenditure with a disinhibition of food intake in weight-reduced subjects would strongly promote the regain of lost weight. Current pharmacological weight loss therapies are based on the assumption of increased energy expenditure or decreased energy intake in individuals at usual body weight, i.e., when energy intake and Fusiform gyrus x Activity increases with fasting; influences food intake in response to sensory stimuli (37) Globus pallidus x Mediates the hedonic impact of high-sugar/high-fat foods (10) Hypothalamus x x Processes leptin and other humoral signals (26, 38) Insula x Involved in sensitivity to oral stimuli related to feeding (11, 39) Inferior frontal gyrus x x x Processes food-related stimuli from the gut, e.g., increases activity with gastric distention (40) Inferior parietal lobule
x Relates sensory data to past experience and processes stimuli from gut (40, 41) Lingual (38) output are balanced. However, weight loss promotes a dysregulation or uncoupling of this balance such that an increase in energy intake and a decrease in output support weight regain rather than weight maintenance. The leptin-reversible nature of this decline in energy output and increase in energy intake after weight loss suggests a possible role for pharmacological agents that stimulate the leptin-signaling pathway as enablers of reduced-weight maintenance rather than promoters of weight loss. In summary, maintenance of a reduced body weight is accompanied by leptin-dependent changes in neural activity in regions of the brain implicated in vegetative/regulatory and hedonic aspects of energy homeostasis. We have previously shown that the maintenance of a reduced body weight is associated with leptin-reversible declines in energy expenditure and changes in neuroendocrine and autonomic function that mediate this decline in energy expenditure (6) . We have also found that administration of leptin to weight-reduced subjects reverses the increased hunger and decreased satiety that characterize the weight-reduced state (24) . Others have shown that hyperphagia is reversed by administration of leptin to congenitally leptin-deficient animals and humans (17, 25) . Thus, low-leptin states provoke changes in energy intake and expenditure that act coordinately to favor the regain of lost body fat. The demonstration that the maintenance of a reduced body weight is associated with leptin-reversible changes in neural activity in brain areas known to mediate feeding-related behaviors further supports the pivotal role of leptin in body weight regulation as a primary "defense hormone" against loss of body fat following otherwise successful weight loss (26) .
Methods
Subjects. Six obese (BMI, wt/height > 30 kg/m 2 ) (27) subjects (2 male, 4 female) were admitted to the General Clinical Research Center at Columbia University Medical Center and remained as inpatients throughout the study (see Table 1 ). All subjects had been stable at their maximal lifetime weights for at least 6 months prior to admission, were in good health, were taking no medications, and were right-hand dominant. Studies were approved by the Institutional Review Board of the New York Presbyterian Medical Center and were consistent with guiding principles for research involving humans subjects (28) . Written informed consent was obtained from all subjects.
Protocol. See Figure 1 for a diagram of the protocol. Subjects were inpatients in the Clinical Research Center at Columbia Presbyterian Medical Center throughout this study. As described previously (29) , subjects were fed a liquid formula diet (40% of calories as fat [corn oil], 45% as carbohydrate [glucose polymer], and 15% as protein [casein hydrolysate]), plus vitamin and mineral supplements, in quantities sufficient to maintain a stable weight (defined as an average daily weight variation of less than 10 g/d for at least 2 weeks). This weight plateau was designated Wtinitial.
Following completion of the imaging studies at Wtinitial (described below), subjects were provided 800 kcal/d of the same liquid formula diet until they had lost 10% of Wtinitial. The duration of the weight loss phase ranged from 36 to 62 days. Once 10% weight loss had been achieved, caloric intake was adjusted upward until subjects were again weight stable. Subjects were then randomized to receive 5 weeks of twice-daily (8 am and 8 pm) s.c. injections of saline (Wt-10%placebo) or 5 weeks of twice-daily (8 am and 8 pm) s.c. injections of recombinant methionyl human leptin (provided by Amylin Pharmaceuticals Inc.) in doses that were calculated to (and did) achieve circulating concentrations of leptin at 8 am (before injection) equal to those measured at Wtinitial (6) (Wt-10%leptin). Initial leptin doses were 0.08 and 0.14 mg/kg fat mass at Wt-10%placebo for males and females, respec-tively (6) . Circulating leptin concentrations at 8 am were measured weekly in subjects receiving leptin, and doses were adjusted until circulating leptin concentrations were similar to those measured at 8 am at Wtinitial. Following completion of studies at Wt-10%placebo or Wt-10%leptin, subjects underwent a 2-week washout period during which they received no injections. They were then crossed over to receive either leptin or placebo injections. Subjects were unaware of the order of testing and remained on a diet isocaloric (and identical in composition) to that initially shown to be sufficient to maintain a 10% reduced body weight throughout the leptin or placebo arms of the study.
Image acquisition. Images were acquired on a General Electric 1.5T scanner equipped with T2-weighted echoplanar imaging sequences (time to repeat, 4,000 ms; time to echo, 60 ms; flip angle, 60°; field of view, 190 × 190 mm; array size, 128 × 128) (30) . Twenty-five contiguous axial 4.5-mm-thick slices were acquired parallel to the anterior-posterior commissure line with an in-plane resolution of 1.5 × 1.5 mm. Structural images were acquired with a T1-weighted spoiled gradient-recalled (SPGR) sequence (time to repeat, 19 ms; time to echo, 5 ms; flip angle, 20°; field of view, 220 × 220 mm) recording 124 slices at a thickness of 1.5 mm with in-plane resolution of 0.86 × 0.86 mm. Although in some cases anatomical resolution can be improved at higher field strengths, the 1.5T field strength was selected for this functional study because of the interest in the activity of ventral structures that are often compromised with higher field strength acquisitions due to air, bone, and soft tissue interfaces using the sequences necessary to detect the BOLD signal.
Image preprocessing. All preprocessing and statistical analyses were carried out using Statistical Parametric Mapping 2 (http://www.fil.ion.ucl.ac.uk./ spm/spm2.html). Functional data were slice-time corrected and spatially realigned to the first volume of the first run. The structural scan was coregistered to the fMRI images and served to calculate transformation parameters for spatially warping fMRI images to the Montreal Neurological Institute template brain (resampled voxel size, 2 mm 2 ). These normalized images were spatially smoothed with a 10-mm 3 kernel, and in order to remove the effects of low-frequency confounds, the data were high pass filtered at 128 s. The first 3 volumes of each run were discarded prior to building and estimating the statistical models, as is standard practice in order to eliminate the effects of onset transients.
As previously described (11) , subjects were tested in the postabsorptive state at 9 am and 72 images were acquired in each activation period, each of which lasted 4 min 48 s. A block design was employed using 2 categories of visual stimuli: foods and non-foods. Each activation period consisted of 12 different foods or 12 different non-food items presented at 4-s intervals, and subjects underwent testing with 2 sets of food items and 2 sets of non-food items at each testing session. The order of activation periods was randomly assigned a priori but was retained at all testing sessions for each subject. Actual foods from multiple food groups (fruit, grains, vegetables, sweets) and actual non-foods (inanimate familiar objects such as a cell phone, jump rope, yo-yo) were placed in clear plastic containers and presented one at a time in view of the subject via a mirror on the head coil. Each item was viewed for 4 seconds, and subjects confirmed that all items were perceived following each run which consisted of 1 block and 2 baseline epochs. This design provided the advantage of feedback from the subject following each exposure epoch and is based upon routine mapping procedures established for localization of critical functions in preparation for neurosurgical procedures (11, 30) .
Image and statistics. For each run, regressors for stimulus type (convolved with a canonical hemodynamic response function) were created for food and non-food stimuli and for Wtinitial, Wt-10%placebo, and Wt-10%leptin contrasts. Significant signal changes were identified with a voxel-by-voxel analysis based upon comparison of the mean signal amplitude during the periods of stimulation and the periods of resting baselines as determined by t test comparisons using P values of 0.005 corrected for multiple comparisons (11) . This model was applied to each subject's data, followed by linear contrasts between conditions of interest, namely contrasting placebo, leptin, and initial weight activations. Contrasts were then compared in a random effects model across subjects based on a whole-brain analysis. Thresholds were constant at P < 0.05 for units of 5 voxels. All regions that met statistical criteria were defined using the automatic labeling brain atlas (31) and applied with the Wake Forest University PickAtlas toolbox (http://fmri. wfubmc.edu/cms/software#PickAtlas) (32) .
Region-of-interest confirmation of the hypothalamus. As a regulatory locus for control of feeding behavior, the hypothalamus is a primary region of interest in this study. However, this small area is located at the interface of multiple tissue and media types (bone, air, and water), enhancing susceptibility to artifacts in fMRI images. Specifically, the hypothalamus is situated at the base of the skull just above the sella turcica, dorsal to the nasal sinus, and encapsulating the ventral portion of the third ventricle. Therefore, although salient signals in the region of the hypothalamus were consistently identified within the whole-brain analysis, a confirmation of these observations using a region-of-interest approach was performed. The structure of the region was identified independently of the functional signals using the PickAtlas (32) . A morphologic dilatation factor of 3 was employed to define the masked area centered on the location of the hypothalamus region of interest. The coordinates of peak voxel clusters activated in regions attributed to the hypothalamus based on fMRI images ( Figure  2B, x, y, z = 12, 6, -12; Figure 2C , x, y, z = 12, 14, -2 and -22, -2, -12) fell within the hypothalamus mask determined by anatomical features alone. Further, ROI analyses performed on the masked area revealed activity that coincided with the whole-brain approach (peak voxel, x, y, z = 8, 4, -14 and 6, 0, -4). Thus, 2 sources of evidence converged to confirm the functional activity of the hypothalamus in this study, observed both in Wtinitial (Table 2) and Wt-10%leptin (Table 3) .
